Abstract-A technique using digital masks without ultraviolet light to rapidly print 3-D biopolymer structures with complex microarchitectures in a microfluidic chip has been demonstrated. In this approach, a customized system is used to project light images on a photoconductive substrate in order to create localized virtual electrodes when an alternating electric field is applied across the fluidic medium in an optically controlled digital electropolymerization chip. Upon these virtual electrodes, the localized electric fields are generated, which could activate the polymerization of acrylate-based molecules, such as poly(ethylene glycol) diacrylate (PEGDA), to form microstructures with the same shapes as the projected light images. We have demonstrated that the 3-D PEGDA microstructures with the customized shapes could be fabricated rapidly through a layer-by-layer process by applying a series of digital masks (projected light images). With our current projection and microscopy system, the fabrication of microhydrogel structures with a lateral resolution of 3 µm and an adjustable thickness ranging from tens of nanometers to hundreds of micrometers has been demonstrated. In summary, this novel technique provides an efficient process for the rapid printing of the 3-D biopolymer-based microstructures, and could enable many future applications in a mechanoanalysis of cancer cells, tissue engineering, and drug screening.
I. INTRODUCTION
T ECHNIQUES that could precisely pattern hydrogels with tunable geometric shape and size in micro/nano scale are desired for developing hydrogels' applications in drug delivery [1] , cell encapsulation [2] , [3] , cell-environment interaction research [4] , [5] and tissue engineering [6] - [8] . To date, three-dimensional micro hydrogel structures have been created by a variety of methods, including photolithography, softlithography (e.g., micro-contact printing, microfluidic patterning, and micro molding) [9] - [11] . However, the performance of these traditional methods is limited by several drawbacks: (1) requirement for lithographic masks to define micro/nano scale structures; (2) extremely difficult if at all possible to obtain high-aspect-ratio structures or structures with variable height on the same substrate. Recently, for photo sensitive macromolecules, light-assisted methods allowing dynamically controllable patterning, such as laser scanning lithography [12] , [13] , and projection printing techniques [14] , [15] have been explored by researchers for fabricating PEGDAbased three-dimensional hydrogels. In these methods, the hydrogels are solidified using an UV source and photoinitiator molecules and the hydrogels' pattern are dynamically defined by the designed light images or laser-scanned routes. However, both UV irradiation and photoinitiator are cytotoxic [16] . Although methods for solidifying acrylate-based PEG hydrogel without using UV light or photoinitiator have been realized utilizing electrochemical redox reaction, the thickness of these polymerized hydrogels was limited to hundreds of nanometers and the patterns are difficult to customize [17] , [18] .
Acrylate-terminated poly(ethylene glycol) based hydrogels have attracted broad interest in a variety of applications due to their excellent tenability of chemical, mechanical and biological properties [3] , [19] . PEG (poly (ethylene glycol) chains are neutral, highly mobile, and heavily hydrated in aqueous solution, making PEG-based hydrogel intrinsically resistant to protein adsorption and cell adhesion, thus providing a biological "blank slate" upon which desired bio functionality could be modified [20] . The resistance to protein enables PEGDA hydrogel to work as passivation layer for keeping substrates from bacteria and cell adhesion.
Here, we report our work on developing an opticallycontrolled digital electropolymerization (ODE) method for three-dimensional micro-fabrication of acrylate-terminated PEG based hydrogels without using UV light source and photolithographic masks. This novel method essentially uses a series of dynamical digital masks (light images) projected by a commercial projector to customize the hydrogel shape, rather than using static, more expensive physical photolithographic masks and UV light. The use of digital masks, which could dynamically be a single pixel or millions of pixels, allows rapid fabrication of micro structures and largearea structures. Specifically, computer-designed images are projected on a photoconductive substrate, initiating an in-situ hydrogel polymerization upon the illuminated surface. To generate three-dimensional structures, a layer-by-layer fabrication process could be implemented using the same projection system. Different from the existing projection stereolithography technique, this method polymerizes the hydrogel using an alternating electric field (which has been shown to be safe for cell viability [21] , [22] ) rather than using cytotoxic UV irradiation and photoinitiator. Here, PEGDA-based hydrogel microstructures, ranging from tens of nano meters to hundreds of micrometers in thickness, and ranging from 3 μm to tens of micro meters in lateral dimensions, have been fabricated utilizing this technique. A microfluidic system is also integrated with the ODE chip to transfer prepolymer macromolecules for concentration replenishment and to transport hydrogen bubbles out of the ODE chip for ensuring a stable polymerization process.
II. METHODS AND MATERIALS

A. Experimental System
Figure 1(a) shows an illustration of the experimental system for performing digital "printing" of three-dimensional hydrogels using electropolymerization. As shown, the system consists of three parts, including an image projection system, a microscope, and a microfluidic-integrated ODE chip. We note here that in 2011 our group reported a rudimentary system that could fabricate hydrogel structures of ∼3 μm height [23] but did not understand the fundamental mechanisms of how the hydrogels were solidified. This paper reports our recent work in significantly improving the original system which now allows the fabrication of 3D high-aspect-ratio hydrogel structures; we will also elucidate the principle under which the micro hydrogel structures are formed by localized electric fields. The image projection system consists of a projector linked to a computer that contains commercial software (e.g., Microsoft PowerPoint or Adobe Flash) for customizing light images. The designed images are projected onto the ODE chip through a projector (Sony VPL-F400X, Japan) and a condenser lens (Nikon 50X/0.55). The ODE chip integrated with a microfluidic system, as shown in Fig. 1(b) , is placed on a three degrees-of-freedom actuation platform. The ODE chip consists of three parts: 1) a photoconductive lower substrate, which is a glass substrate coated with ITO (indium tin oxide) and hydrogenated amorphous silicon layer (a-Si:H) on one surface; 2) a microfluidic chamber for containing and transporting the electrolyte solution; 3) an ITO electrode upper substrate (a glass coated with ITO layer on one surface). The a-Si:H layer is deposited on the ITO coated glass substrate by means of a plasma enhanced chemical vapor deposition (PECVD) process. The microfluidic chamber in the ODE chip is fabricated through bonding the upper substrate with the bottom substrate using a double-sided adhesive tape. The detailed structure of the microfluidic-integrated ODE chip is shown in the right figure of Fig. 1(b) , which is fabricated as following steps. 1) A micro mold with designed micro-channel features is fabricated on a polymethylmethacrylate (PMMA) substrate using a CNC miller (EGX-400, Roland Inc., Japan). 2) A prepolymer solution containing PDMS and a curing agent (Sylgard® 184, Dow Corning, USA) in a ratio of 10:1 was casted on the PMMA substrate and cured for 6 hours at 70°C to replicate the microchannels (0.5 mm × 0.5 mm × 5 mm channels).
3) The microchannel-molded PDMS was removed and bonded with the glass surface of the upper ITO glass substrate of the ODE chip using an oxygen plasma bonding process [24] . 4) Then, a customized a micro-chamber (8 mm × 12 mm) was fabricated on a double-adhesive tape (thickness of 50 μm) using a CNC laser machine (KS-GK40, China). 5) Finally, the top ITO glass was assembled with the a-Si:H-layered bottom ITO glass using the laser-machined double-adhesive tape to create a micro chamber for the ODE chip.
The microscopy system is equipped with a CCD camera for monitoring and recording the hydrogel formation process in real-time. When fabricating hydrogel microstructures, an alternating voltage generated from a signal generator (Agilent 33522A, U.S.A.) is applied between the top and bottom ITO substrates. As shown in the inset figure in Fig. 1(a) , the PEGDA molecules can only crosslink on the a-Si:H surface where it is illuminated by the projected light images, forming hydrogel structures with the same lateral shape as the projected images.
B. Pre-Crosslink Solution
PEGDA solution are prepared through combining pure PEGDA (Mw=10 KD, Mn=575; Sigma Aldrich) with deionized water at a ratio of 1:4(v/v), and stirring for about 10 min until the PEGDA is fully dissolved. The prepared PEGDA solution has a molecules concentration of about 340 mol/m 3 and the electrical conductivity is 1.5 × 10 −3 S/m (measured using a Cond 3110, Germany).
C. Polymerization Process
Under an optical irradiation, a-Si:H can absorb photons with energy greater than its bandgap energy Eg and generate electron-hole pairs which could increase the conductivity of illuminated areas by several orders of magnitude. For example, under an illumination of green color light (with intensity of 0.3 mw/cm 2 , the conductivity of the a-Si:H could increases from 10 −11 S/m to 10 −5 S/ m, directly creating "virtual local electrodes" on the a-Si:H surface. Upon the local virtual electrodes, non-uniform electric fields are formed in the solution; depending on the applied AC electric field magnitude and frequency, electrokinetics phenomena such as dielectrophoresis, electroosmosis, and electrothermal flow could be generated locally. Because these phenomena are induced by the projected light, they are called optically-induced electrokinetics, which have been extensively explored for cell separation, manipulation and biomolecules concentration [25] , [26] . Additionally, the generated electro-hole pairs have active redox abilities, which could induce a number of chemical reactions such as degrading pollutants and decomposing water into H 2 and O 2 [27] , [28] .
During the fabrication of PEGDA-based hydrogel structures, PEGDA solution is injected into the microfluidic chamber using a peristaltic pump; simultaneously, the light images are projected and an alternating electric field is applied across the ODE chip. As mentioned above, the illuminated a-Si:H area could generate electron-holes pairs (a-Si:H + hv → a-Si:H(e − C B +hole + V B )), which are separated as active electrons and holes under the localized strong electric field. Electrons are pushed to the a-Si:H/solution interface and trapped by the absorbed ions, resulting in a localized chemical reaction. The crosslinking of PEGDA molecules is a considerably complex process; the main steps of the PEGDA crosslinking reactions are illustrated in Fig. 2(a) [29] - [31] . At first, the hydrogen ions (H 3 O + ) transferred (step a1) from the bulk solution to the interface and are dehydrated (step a2) to be naked hydrogen ions (H + ). After obtaining electrons from the a-Si:H surface, hydrogen ions are reduced (step a3, e − C B +H + → H • ) to hydrogen radicals (H • ), which have strong reducibility. Simultaneously, PEGDA molecules in the solution are also transferred (step b1) to the a-Si:H-solution interface. The C=C bond in the PEGDA molecule is broken by the active hydrogen radicals, initiating the hydrogel polymerization process (step b2 and Fig. 2(b) ). Polymerized hydrogel detaches (step b3) from the a-Si:H surface, allowing new polymerization to take place at the a-Si:H/solution interface, thus three-dimensional hydrogel structures could be fabricated layer-by-layer. The polymerization process could be suspended through revoking either the alternating electric field or the projected light images. In order to demonstrate the crosslinking of PEGDA molecules, the polymerized hydrogel structures were characterized using Raman spectra analysis. As shown in Fig. 3 , the dotted-line shows the Raman spectra of solvent-cast PEGDA onto a-Si:H substrate, while the solid-line shows the Raman spectra of fabricated PEGDA hydrogel microstructures. As shown, the intensity ratio of the C=C band at 1641 cm −1 to C=O band at 1735 cm −1 has decreased significantly, which demonstrates the crosslinking of acrylate group. Indeed, the C=C band does not disappear completely, which offers a unique opportunity for further functionalization of the hydrogels. 
D. Equivalent Circuit
According to the pre-mentioned polymerization process, it is definite that the generation of hydrogen radicals bears an key role in "printing" hydrogel structures [17] , [32] . Ignoring the effect of mass transfer, the hydrogen ions reduction process is mainly dominated by the electrode potential, which is decided by the amplitude and frequency of the applied alternating voltage. In order to analyze the electrical potential distribution in the ODE chip during the hydrogel solidification process, an equivalent circuit as shown in Fig. 4(a) was proposed here [33] , [34] . In the circuit, R a−Si:H and C a−Si:H denote the resistance and the capacitance of the a-Si:H, respectively. When illuminated by an optical image, the a-Si:H layer has a high electrical conductivity, thus the impedance contribution from the capacitance is negligible. R L and C L represent the resistance and capacitance of the PEGDA solution, respectively. C E DL denotes the capacitance of the electric double layer (EDL), which is a spatial region of finite thickness at the interface between the fluid and the a-Si:H surface. Accordings to Gouy-Chapman-Stern model, the electric double layer includes the Stern layer and Diffuse layer. Hence, the C E DL could be calculated using Eq. (1), in which C S and C D denote the capacitance of the Stern layer and Diffuse layer, respectively. Under a large applied potential, the value of C S and C D could be calculated using Eq. (2) and ions concentration (1 × 10 −7 mol/L), respectively. R c represents the resistance at the interface induced by the electron transfer.
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Using above parameters, the distribution of electric potential and current in the ODE chip was estimated using a finite element software (FEM) package (Multiphysics, COMSOL AB, Sweden). As shown Fig. 4(b) , a 20 V pp , 1 kHz sinusoidal voltage was exerted across the ODE chip. Upon the illuminated a-Si:H area on the substrate, the electric potential fall and current are greater than the potential fall and current on the non-illuminated areas. When the potential across on the electrode/solution interface is large enough, the polymerization could be activated. This explains why the polymerization of the hydrogel could only occur on the illuminated a-Si:H surface.
III. RESULTS AND DISCUSSION
A. Activation of Polymerization
Experimental results show that the successful fabrication of PEGDA hydrogel microstructures strongly depended on the frequency and magnitude of the applied alternating voltage. As discussed above, the polymerization process is activated by the reduced hydrogen radicals H • , thus investigating the effects of the alternating voltage on hydrogen ions reaction is essential for understanding the underlining principle of fabricating hydrogel microstructures in an ODE chip.
On the electrode/electrolyte interface, a dynamic balance exists between the forward reaction and reverse reaction, which builds an equilibrium potential across the electrode and the electrolyte. Under an exerted electric field, electrons would move to the electrode surface, resulting in charge accumulations on the electrodes and increase the potential ϕ across on the electric double layer. Once the charges accumulate to a threshold value, net electrode reaction will occur for discharging (i.e., chemical reaction). To some extent, the threshold value of ϕ represents the threshold value of the reaction, i.e., the less the threshold value of ϕ is, the reaction is easier to occur. That is, only when ϕ is larger than the threshold value, the electric field on the interface could induce chemical reactions to weaken the electrode polarization and the larger the ϕ the more violent the reaction. Specifically, the polarization of the electrodes could be considered as the charging process of the electric double layer and the chemical reaction is the discharging process. Thus, both the alternating electric potential and frequency affect the hydrogen reaction due to their impacts on the potential ϕ.
Assuming that the Faradic current on the electrode is far smaller than the charging current when ϕ is close to the threshold value, i.e., R c Z E DL , the potential on the electric double layer could be calculated based on the equivalent circuit model. The function of ϕ depending on the frequency and the applied voltage V pp is shown in Fig. 5(a) . As shown, as the frequency increases, the potential drop across EDL will sharply decrease, which indicates that the polymerization could only happen when f < f max . And, the value of ϕ corresponding to f max is actually the minimal value for reducing hydrogen ions and activating the polymerization process. This theoretical explanation is consistent with the experimental results shown in Fig. 5(b) . When the electrical voltage is 10V pp , polymerization could only occur when f is <2 kHz. As the voltage increases to 40 V pp , the value of f max could increase to 8 kHz.
As mentioned above, f max is the threshold frequency which could activate the polymerization process; but this does not mean that all frequencies lower than f max is appropriate for patterning three-dimensional hydrogel structures. Fig. 5(c) shows the patterned hydrogel structures using electric fields with the same amplitude of 20 V pp , but with different frequencies. The results indicate that when a low frequency is applied, it is difficult to obtain hydrogel structures with well-defined patterns. This phenomenon is possibly caused by the intense diffusion of hydrogen radicals (H • ) in lateral direction on the a-Si:H surface due to the large ϕ under low frequencies. As for a 20% PEGDA solution, the optimal frequency is about 1-3 kHz. We note here that increasing the electrode potential could accelerate the production of hydrogen radicals; however, simply increase the potential does not always benefit the quality of "printed" hydrogels structures. This is because the polymerization process contains several steps as shown in Fig. 2(a) , each of which could bear an important impact to the final hydrogel microstructures.
B. Propagation of Polymerization
As discussed above, the polymerization of PEGDA hydrogel occurs when an alternating electric field and projected light images are simultaneously exerted on the ODE chip. Due to the light-images-defined virtual electrodes, PEGDA molecules are only cross-linked on the illuminated a-Si:H substrate, enabling dynamical customization of the geometrical shapes of hydrogel microstructures. Fig. 6(a) shows the fabricated hydrogel microstructures using an alternating electric field with amplitude of 20 V pp and frequency of 1 kHz. The inset pictures show the corresponding projected images. The thickness of the hydrogel structures could be increased through prolonging the polymerization time. As shown in Fig. 6(b) , hydrogel microstructures with both micrometer and nanometer thickness could be obtained. The Young's modulus of these fabricated hydrogel structures was characterized using an atomic force microscope. As shown in Fig. 7 , nine hydrogel cylindrical structures with diameter of 30 μm and thickness ranging from 2-5 μm were selected as test samples for AFM characterization. The Young's modulus of each structure was calculated using the obtained AFM indention force curves, Hertz models, and Gaussian fitting method [39] . An averaged value of 92 ± 7 kPa was obtained from these nine sample structures. Although the thickness of the hydrogel structures could be increased by extending the polymerization time, the structures were limited to several micrometers due to the consumption of PEGDA molecules in the PEGDA solution. Specifically, 1) PEGDA molecules concentration will decrease as the hydrogel structures are polymerized, and hence the polymerization rate (step b2, Fig. 2(a) ) is decreased; 2) excess hydrogen protons will form hydrogen bubbles (step a4, Fig. 2(a) ) which could destroy the successive growth of the hydrogel layers.
In order to fabricate hydrogel microstructures with controllable thickness (height) in the micrometer range, it is necessary to provide enough PEGDA molecules for a stable polymerizing rate. Though adopting a high concentration (such as 50% v/v ratio) of PEGDA is also reasonable for providing enough PEGDA molecules for fabricating hydrogel structures up to hundreds of micron height, a low concentration (<40% v/v ratio) solution with better biocompatibility is more desirable for bio-related applications [40] . We have built a microfluidic system to supply PEGDA molecules in real time into the ODE chip; the system also supplies a flow to transport away the hydrogen bubbles (formed on the surface of the ODE chip) to avoid their disturbance on the hydrogel "printing" process. Experimental results demonstrate that hydrogel structures with large aspect ratio could be fabricated when a microfluidic system is used. Fig. 8 shows various three-dimensional hydrogel structures fabricated by the ODE chip using a microfluidic flow velocity of 1 × 10 −4 m/s, solution concentration of 340 mol/m 3 and green color light images (in the 8 mm × 12 mm × 50 μm micro-chamber). As shown in Fig. 8(b) , the height of the hydrogel structures has a linear relationship with the polymerization time, which also demonstrates that the whole polymerization rate is dominated by the electron charge transfer process rather than the mass transfer process. Specifically, it is the electron charge transfer process that dominates the PEGDA polymerization process, rather than the hydrogen ion reduction process. That is, increasing the potential (electric field gradient) cannot increase the polymerization process rate much.
Experimental results also indicate that the concentration of PEGDA plays an important role in the hydrogel patterning process in an ODE chip. In order to analyze the relationship between the microfluidic flow rate, polymerization time and PEGDA molecules concentration, the concentration of PEGDA in the ODE chip was calculated using a commercial finite element method (FEM) software package (Multiphysics, COMSOL AB, Sweden). For the simulation model, the molecules were assumed to crosslink at a constant rate, and the electric field voltage and frequency were set as constant values of 1 kHz and 20 V pp , respectively. A rough consumption rate of PEGDA molecules could be calculated through the relationship between the thickness and polymerization time shown in Fig. 8(b) . A two-dimensional geometric model was built which couples the Navier-Stokes equation, incompressible solution and Nernst-Plank equation; the change of the PEGDA concentration versus the polymerization time could then be calculated. Fig. 9(a) shows the simulated results of the change of PEGDA concentration in the solution at 100 nm above the illuminated a-Si:H surface as a function of polymerization time. As shown, when there is no exerted microfluidic flow, the concentration of PEGDA molecules decreases rapidly as the polymerization process is proceeding. However, when the fluidic velocity is increased to above 1 × 10 −4 m/s, the PEGDA concentration could be kept at the initial concentration level. The concentration distribution in the solution around the illuminated areas after polymerizing for 100 s had also been simulated, as shown in Fig. 9(b) . These simulated results offer an explanation as to why thicker micro hydrogel structures could be obtained using a microfluidic flow to 'refresh' the molecular concentration of the PEGDA solution in an ODE chip. In other words, the hydrogel structures in the Fig. 8 were "printed" layer by layer, and the shape of each layer is defined by the projected light images. The thickness of hydrogel structure is controlled by the polymerization time while the molecular concentration of the solution is kept constant as much as possible at the surface of the a-Si:H substrate by the microfluidic flow. We note here that due to the weak adhesion between the hydrogel and the substrate, we did observe that some of the polymerized hydrogel structures were washed away by the fluid during the "printing" process. But the probability of the structures being washed away is less than 10% if a fluidic speed of 1 × 10 −4 m/s is used.
IV. CONCLUSION
A novel technique for fabricating arbitrary threedimensional hydrogel microstructures using an opticallycontrolled digital electropolymerization process has been presented in this paper. This new fabrication process requires no ultra-violet light source or microlithographic masks to fabricate hydrogel-based microstructures. Though only the process for fabricating PEGDA-based three-dimensional hydrogel is reported here, this method is potentially applicable for many other macromolecule-based polymers that could be polymerized using electropolymerization mechanism. Requiring only visible light projection images, this technique provides potentially a low-cost and high throughput process to "print" micro polymer structures. We have demonstrated that this fabrication technique has a lateral-resolution of 3 μm (a limitation of the pixels of the optical projection system), which is sufficient for single cell studies [41] . In terms of vertical-resolution, the thickness of fabricated hydrogel structures range from tens of nanometers to hundreds of micrometers; and hence, this technology could potentially be applied for substrate surface modification and three-dimensional tissue scaffold research.
